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Abstract
The Costa Concordia cruise-ship disaster occurred just off the coast of Italy on January 13th, 2012, and entailed the largest 
marine salvage operation in history. The salvage employed vessels from different European harbours, providing an unexpected 
means for transporting alien species into the Mediterranean. In this work we identified mussel species using fragments length 
polymorphism of a nuclear locus and report the first evidence of the transport of the blue mussel, Mytilus edulis Linnaeus, 1758 
(Bivalvia: Mollusca), into the Mediterranean Sea, as a part of the fouling community of the hull of an accommodation barge ar-
rived from a NE Atlantic location in October 2012. Furthermore, we describe the rapid growth of this species, under the ASV 
Pioneer, until its almost total extinction during the summer of 2013, which left a covering of mussel shells on the underlying Posi-
donia oceanica (Linnaeus) Delile, 1813 meadow. This high mortality rate indicated that M. edulis had been exposed to high stress 
conditions, probably due to different salinity, temperature, and oligotrophic conditions from its place of origin, and there was no 
spawning event or known settlement on the nearest infralittoral natural habitats. This event reminds us of how the Mediterranean 
Sea is constantly under alien species pressure, due to human activities. 
Keywords: Blue mussel, Non-indigenous marine species, Hull fouling, Mediterranean Sea, Costa Concordia
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Introduction 
Over the last twenty years the arrival of alien species 
has been a major concern to the scientific community and 
policy makers, due to the role of these species as drivers 
of ecological change. Marine invasions have historical 
roots, being strongly linked to the development of hu-
man settlement and trade. As underlined by Galil (2000), 
the opening of interoceanic routes in the 16th century, and 
the Suez Canal in the 19th century, with its consequent 
increase in shipping, promoted the introduction of alien 
biota to the Mediterranean Sea. The synergy between en-
vironmental factors, geographical history and anthropo-
genic activities taking place in the Mediterranean Sea as 
nowhere else, makes this basin one of the most affected 
by alien species, with 986 reported (Galil, 2000; Zenetos 
et al., 2005, 2011, 2012). Nowadays, the mechanisms of 
introduction and the pathways of spread of non-indig-
enous marine species have become clearer: vessel traf-
fic has been identified as a primary source of invasion, 
either via ballast waters or by hull fouling, and only a 
secondary role, although still important, has been attrib-
uted to aquaculture, fisheries and accidental release by 
the aquarium industry (Hewitt et al., 2009; Katsanevakis 
et al., 2013; Nunes et al., 2014). Therefore, it is not diffi-
cult to understand why the Mediterranean basin, with all 
its ports and marinas, shipping lanes, human settlements, 
coastal tourist facilities, and fishing and aquaculture, is 
so susceptible to biological invasions.
Hull fouling has recently been recognized as a major 
force in the global spread of non-indigenous marine spe-
cies (hereafter NIS), being a complex pathway able to 
move both sessile and motile species worldwide (Gol-
lasch, 2002; Davidson et al., 2009; Hewitt et al., 2009; 
Sylvester et al., 2011). The potential for invasive aquatic 
species being transferred through biofouling has been 
recognised by the International Maritime Organization 
(IMO), the Convention on Biological Diversity (CBD), 
several United Nations Environmental Programme 
(UNEP) Regional Seas Conventions (e.g., the Barcelona 
Convention for the Protection of the Mediterranean Sea 
Against Pollution), the Asia Pacific Economic Coopera-
tion Forum (APEC), and the Secretariat of the Pacific 
Regional Environmental Programme (SPREP). Although 
the IMO adopted guidelines to manage ballast waters in 
2004 (IMO, 2004), no such proposals were made for the 
management the hull fouling on commercial vessels and 
recreational craft until only a few years ago (IMO, 2011; 
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2012). However, there are still no international regula-
tions to guarantee consistency in the management of 
ships’ hulls in the Mediterranean Sea. This lack is high-
lighted by the 22nd article of the Mediterranean Action 
Plan (UNEP/MAP, 2005) which clearly states: “Given the 
importance of the shipping-mediate introduction of non-
indigenous species into the Mediterranean… a regional 
project be developed to overcome gaps for the Mediterra-
nean countries, and strengthen the capacities of the coun-
tries to reduce the transfer of aquatic organisms via ships’ 
ballast water and sediments and hull fouling”. Further-
more, the adoption of an IMO convention prohibiting the 
application of tributyltin (TBT)-based antifouling paints 
as of January, 2003 could have increased the number of 
fouled hulls, and consequently, hull-transferred species.
Blue mussels have a worldwide distribution, reflect-
ing their tolerance of salinity and temperature variations 
(Braby & Somero, 2006). The most common species 
in Europe are Mytilus galloprovincialis Lamarck, 1819 
and Mytilus edulis Linnaeus, 1758, although Mytilus 
trossulus Gould, 1850 has also been recently reported 
along north European coasts (Väinölä & Strelkov, 2011). 
Mytilus galloprovincialis is endemic to the Mediterrane-
an and Ibero-Moroccan area, is thought to have evolved 
from M. edulis, is more tolerant of warm temperatures 
and high salinity conditions, and has been introduced to 
the Atlantic (South Africa) and Pacific (California and Ja-
pan) (Seed, 1992). Although M. edulis is mostly found in 
the Atlantic, it has recently been reported, together with 
M. trossulus, in Ukrainian waters (Black Sea and Sea 
of Azov, with unintentional introduction by shipping in 
2001). It has not been described as an established spe-
cies, but there is a potential risk of its settlement in the 
fouling community and consequent hybridization (Alex-
androv et al., 2007). Hybridization often occurs within 
the genus Mytilus, and the presence of M. galloprovincia-
lis-edulis hybrids together with the pure genotypes has 
been reported in several contact zones (France, SW Eng-
land and Ireland) (Edwards & Skibinski, 1987; Gosling 
et al., 2008; Hilbish et al., 2012). However, Lourenço 
et al. (2015) recently hypothesized that divergent envi-
ronmental conditions between the two basins (Atlantic 
Ocean and Mediterranean Sea) block the hybrids at the 
edge of Mediterranean waters (in fact they are broadly 
distributed in relatively low numbers in SW Iberia), pre-
venting the ingression so that they have not yet been de-
tected in any Mediterranean study site. 
The cruise ship Costa Concordia hit the reefs of 
Giglio Island (Tuscany, Italy) and partially sank in 
proximity of Giglio Harbour on 13th January 2012. This 
maritime disaster, with 32 fatalities, required the biggest 
wreck removal project ever attempted, which started 
in May 2012. In order to remove the Costa Concordia 
wreck five different phases were planned: a holdback 
system and stabilization, underwater support and port-
side sponsons, parbuckling, starboard side sponsons, 
refloating and towing (www.parbucklingproject.com). 
During the first three phases two huge barges were em-
ployed for various purposes, the ASV Pioneer and the 
Micoperi Trenta (M30). The ASV Pioneer is an accom-
modation support vessel (100.6 m x 30.4 m x 6.0 m) used 
for supply, accommodation, diving and remote oper-
ated underwater vehicle (ROV) applications. It set sail 
from Middlesbrough (U.K.) and arrived at Giglio Island 
on 22nd October 2012, sailing through both Atlantic and 
Mediterranean waters (Fig. 1). The M30 is a heavy lift/
accommodation barge (122.1 m x 27.6 m x 8.2 m) used 
for heavy lifting, diving and ROV operations. The M30 
left Ravenna (Italy) in September 2012, arriving at the 
island in the same month by circumnavigating the Italian 
peninsula. We collected the data for this study during the 
routine surveys conducted to evaluate the environmental 
situation and to assess the impact of the salvage works.
The aim of the present paper is to report a particular 
case of the entrance of a non-indigenous mussel species 
into the Mediterranean Sea, due to unusual events and 
situations, using both ecological observations and ge-
netic tools. The data we have obtained provided useful 
information on the risk posed to the basin, and an oppor-
tunity to investigate the consequences of the introduction 
of an alien species, highlighting the urgent need for laws, 
rather than guidelines, to manage major NIS ingressions.
Materials and Methods
Study site
The study site was the area of Giglio Island north of 
Giglio Harbour (42°21’37.20’’ N, 10°55’22.50’’ E). The 
island has been incorporated in the Tuscan Archipelago 
National Park (DPR 22/07/1996) due to its notable land-
scape and natural interest. In the study area the natural 
landscape and seascape have been deeply affected by 
man-made structures. The presence of the Pioneer and 
M30 inside the shipyard area provided additional sub-
strates for sessile species. Routine environmental moni-
toring revealed a total covering of the ASV Pioneer’s hull 
with mussels and a partial covering of the M30’s hull. The 
ASV Pioneer was moored close to the right side of the 
bow of the Costa Concordia for one year (from October 
2012 to October 2013), in an area of sandy bottom and 
gentle slope, characterized by a healthy Posidonia oce-
anica (Linnaeus) Delile, 1813 meadow extending from 
a depth of 10 m down to 36 m. The M30 was moored to 
the left side of Costa Concordia wreck, in deeper waters 
(Fig. 1).
Sampling methods and data analyses
Monthly dives were carried out in the area, from 
early summer 2012 until the end of summer 2014, for 
environmental monitoring, and it was possible to follow 
the evolution of the hull fouling community to evalu-
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ate the percentage coverage beneath both vessels. Fur-
thermore, the sea surface temperature (hereafter SST), 
salinity, chlorophyll α concentration, dissolved oxygen 
and pH were monitored daily using two conductivity-
temperature-depth (CTD) probes (IP010 and MAR-330 
IdromarAmbiente CTD probes). Mussels were collect-
ed by scuba divers, randomly scraping the hulls of the 
two aforementioned barges. We sampled a total of 353 
mussels from the two barges’ hulls for both genetic and 
length analyses. In order to genetically support the mor-
phological species attribution, we used PCR amplifica-
tion and amplicon length polymorphism analysis follow-
ing Rawson et al. (1996a). A total of 38 Mytilus speci-
mens, 21 from the Pioneer and 17 from the M30, were 
collected, stored in Ethanol 100° and subjected to Glu-5’ 
PCR assays (Rawson et al., 1996a). DNA extraction was 
performed using the standard phenol-chloroform method 
(Oliverio & Mariottini, 2001) on a tissue fragment ob-
tained from the foot of the mussels. We used the primer 
pair JH-5 and JH-54 (Rawson et al., 1996a) to amplify 
the 5’ region of the Glu gene, using the original PCR pro-
tocol with slight modifications (35 amplification cycles 
of 94°C for 30’’, 54°C for 30’’ and 72°C for 1’). Ampli-
fied fragments were visualized by running 10 µl of the 
PCR product on a 1.5% agarose gel stained with ethid-
ium bromide. In M. edulis the Glu-5 PCR assay retrieves 
Fig. 1: Map showing the study area. a) ASV Pioneer route; b) Costa Concordia wreck site and vessel displacement.
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a single 350bp in the majority of individuals, but a single 
380bp can also be found, as well as both bands (Rawson 
et al., 1996a). Specimens belonging to M. galloprovin-
cialis mostly produce two bands, 300bp and 500bp, but 
occasionally only the 300bp band is obtained. Moreover, 
an additional 200bp product can be found in some M. 
galloprovincialis specimens, due to the presence of mul-
tiple annealing sites for the reverse primer JH-54 on the 
Glu gene (Rawson et al., 1996a). 
Shell lengths of 35 specimens collected each month 
(total 315 specimens) were measured with a digital elec-
tronic caliper from the apical umbone to the end of the 
shell. Then we performed a cubic (or Hermite) spline 
interpolation in order to fit the growth curve as a typi-
cal Von Bertalanffy model could not be applied due to 
the strong linear relationship of the data. Cubic Hermite 
spline (often called c-spline) is a spline where each piece 
is a third-degree polynomial specified in Hermite form: 
that is, by its values and first derivatives at the end points 
of the corresponding domain interval. Cubic splines are 
typically used for interpolation of numerical data speci-
fied at given argument values x1, x2,…xn , to obtain a 
smooth continuous function. The resulting spline will 
be continuous and will have a continuous first deriva-
tive. Subsequently, we computed the monthly growth 
rate by calculating the first discrete derivative of each 
spline’s node with Δ(f)
Δ(t)
, where f represents the shell length,
and t refers to time.
Finally, the constant routine surveys of specific Medi-
terranean key habitats (e.g. the P. oceanica meadow) dur-
ing the course of the project, allowed us to obtain a de-
tailed picture of the dynamics of this community during 
the various phases of the Costa Concordia’s removal. The 
P. oceanica meadow under the ASV Pioneer was mapped 
annually (August 2012, 2013, 2014) and shoot density 
measurements were carried out at 10, 15, 20, 25, and 30 m 
depths in order to monitor and evaluate any impact.
Results
The genetic analyses revealed that the M30 speci-
mens were M. galloprovincialis whereas the Pioneer sam-
ples were M. edulis. The Glu-5’ PCR assays returned vis-
ible bands on the agarose gel for 24 Mytilus samples (63% 
of the total number of samples) (Fig 2, Table 1), however 
33% of the samples collected from the Pioneer 's hull and 
41% of the samples collected from the M30 's hull were 
not successfully amplified. Samples collected from the 
Pioneer hull consistently yielded an amplicon of 380bp, 
but in two instances a second product of 500bp was 
present. Samples collected from the M30 's hull yielded 
a pattern with two bands, 300bp and 500bp for all sam-
ples except one, in which the 500bp was missing; in three 
samples an additional band of 200bp was also observed. 
Literature data indicate that in M. edulis individuals the 
Glu-5 PCR assay retrieves a single 350bp in the majority 
Fig. 2: Agarose gel with PCR products: row a, Pioneer Mytilus samples; row b, M30 Mytilus samples. Lane 11 on both rows is 
100bp PCR Molecular Ruler (200, 300, 380 and 500 base pairs heights are indicated); lanes 10 and 20 (row a) and 20 (row b) are 
negative controls.
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of cases, but a single 380bp can also be found, as well 
as both bands (Rawson et al. 1996a). Specimens belong-
ing to M. galloprovincialis mostly produce two bands, 
300bp and 500bp, but occasionally only the 300bp band 
is obtained. Moreover, an additional 200bp product can 
be found in some M. galloprovincialis specimens and 
has been explained by the presence of multiple annealing 
sites for the reverse primer JH-54 on the Glu gene (Raw-
son et al., 1996a). The presence of an accessory 500bp 
band in some M. edulis specimens, which has not been 
previously reported, could be produced by a slight differ-
ence in the nucleotide sequence at the annealing site for 
the primer JH-54 or be ascribed to a variation in the PCR 
conditions, as already proposed for M. galloprovincialis 
(Rawson et al., 1996a). Instead, M. edulis PCR products 
at 350bp and 380bp are supposedly created by two dis-
Table 1. Table summarizes results of genetic analyses; specimen ID, source, bp of characteristic bands and species identification 
have been reported here.
Specimen ID Source (vessel) Band(s) Species identification
M-1454 Pioneer 380 M. edulis
M-1455 Pioneer 380-500 M. edulis
M-1456 Pioneer - -
M-1457 Pioneer 380 M. edulis
M-1458 Pioneer - M. edulis
M-1459 Pioneer 380 M. edulis
M-1460 Pioneer 380 M. edulis
M-1461 Pioneer 380 M. edulis
M-1462 Pioneer 380 M. edulis
M-1463 Pioneer - -
M-1464 Pioneer 380 M. edulis
M-1465 Pioneer - M. edulis
M-1466 Pioneer 380 M. edulis
M-1467 Pioneer 380 M. edulis
M-1468 Pioneer 380 M. edulis
M-1469 Pioneer 380 M. edulis
M-1470 Pioneer - -
M-1471 Pioneer 380-500 M. edulis
M-1472 Pioneer - -
M-1473 Pioneer 380 M. edulis
M-1474 Pioneer - -
M-1475 M30 300-500 M. galloprovincialis
M-1476 M30 - -
M-1477 M30 300-500 M. galloprovincialis
M-1478 M30 - -
M-1479 M30 300-500 M. galloprovincialis
M-1480 M30 300-500 M. galloprovincialis
M-1481 M30 300-500 M. galloprovincialis
M-1482 M30 300-500 M. galloprovincialis
M-1483 M30 300 M. galloprovincialis
M-1484 M30 - -
M-1485 M30 - -
M-1486 M30 - -
M-1487 M30 - -
M-1488 M30 300-500 M. galloprovincialis
M-1489 M30 300-500 M. galloprovincialis
M-1490 M30 300-500 M. galloprovincialis
M-1491 M30 - -
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tinct and well-differentiated alleles, only one of which is 
represented in our samples (380bp).
The percentage mussel coverage in relation to the 
mean SST and chlorophyll α concentration over time is 
shown in Fig. 3; the degree of coverage and the pattern of 
hull fouling community evolution clearly differ between 
the ASV Pioneer and the M30. The former displayed 
an high percentage coverage of M. edulis from October 
2012. Although the covered area remained stable during 
the entire winter and spring seasons, the actual thickness 
of the layer of mussels increased, reaching a maximum 
of 10 kg m-2 of live mussels at the end of April 2013. 
Mass mortality then occurred during the early summer 
of 2013. From the end of June the mussels started dying, 
reaching a maximum mortality rate at the end of July, 
and their shells started dropping on the seafloor. By the 
mid August, 2013 only a few patches of living mussels 
remained, and these definitively disappeared in Septem-
ber 2013 (Fig. 3 a). Hence, only a few patches of M. gal-
loprovincialis were found on the hull of the M30, never 
exceeding 5% of the total available surface. No changes 
were observed during the whole year and in relation to 
SST and chlorophyll α, and no mortality event was re-
ported as is shown in Fig. 3b.
Fig. 3: Mussel cover in relation to mean (±SD) Sea Surface Temperature and Chlorophyll α concentration. a) ASV Pioneer; b) 
Micoperi 30.
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Juvenile M. edulis [3.24 ± 1.11 mm, mean length ± 
standard deviation (SD)] were observed settled on the 
barge’s hull in October 2012; they clearly arrived with 
the ASV Pioneer from Middlesbrough. From this starting 
point they followed a linear growth, reaching a maximum 
length of 52.43 mm at the end of June 2013 as shown 
by the growth curve (Fig. 4a). The monthly growth rate 
reached a maximum in October-November and Novem-
ber-December 2012 with a monthly increment in their 
mean length of 6.21 mm ± 2.8 SD and 10.35 mm ± 0.92 
SD, respectively (Fig. 4b). During the following winter 
months (from January to March 2014) the growth rates 
stabilized around 4.81 mm ± 0.1 SD per month. The 
strong growth rate increment that occurred at the end of 
Fig. 4: a) Growth curve of M. edulis under the ASV Pioneer’s hull. Black dots represent the nodes of the c-spline obtained by com-
bining all size measurements recorded. The error bars represent the standard deviation from the monthly mean length. b) Estimated 
monthly increment in mean length (mm ± SD) of M. edulis from October 2012 to June 2013.
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November 2012 could be correlated with the optimum 
mean temperature for shell increment of 20°C (Almada-
Villela et al. 1984; Reuter 2004) and with the availability 
of food resources as signaled by the peak of the chlo-
rophyll α concentration (considered as a proxy for the 
phytoplanktonic component). This scenario could be 
confirmed by the other pulse in the growth rates (6.5 mm 
± 0.6 SD) recorded from April to May 2013, which could 
be correlated with another chlorophyll peak that occurred 
in late May 2013 (Fig. 3a). After this weaker peak, the 
monthly growth rate decrease dramatically reaching 2.1 
mm ± 2.3 SD at the end of June 2013. During the follow-
ing months the mussels stopped growing and began to 
die, as demonstrated by the reduction in the percentage 
coverage of the hull of the ASV Pioneer. This mortality 
event seems to have been strongly linked to the SST; in 
fact, as soon as the surface temperature rose over 22°C 
M. edulis began to die.
As soon as the Pioneer was moored, baseline obser-
vations were carried out; it was noted that there was a 
non-impacted P. oceanica meadow covering the entire 
sea floor from a depth of 10 m to a depth of 36 m with a 
shoot density (maximum 237, minimum 120 shoots m-2) 
decreasing naturally with depth (Fig. 5a). In September 
2013, after one year of permanent mooring and parbuck-
ling operations, only a few patches of living P. oceani-
ca remained, shoot density had dramatically decreased 
(max. 60, min. 0 shoots m-2). We attributed this to the 
impact of the Pioneer’s shadow and the dropping of dead 
mussel shells. As soon as the wreck removal phase was 
completed (late summer, 2014) a detailed survey allowed 
us to pinpoint a well defined area where the seabed was 
totally covered by a thick layer (up to 20 cm) of dead mus-
sel shells (Fig. 5b). The depth range affected by the dead 
mussel layer ranged from 15 down to 35 m. In this area 
P. oceanica had not survived with the exception of small 
and isolated patches, displaying very low shoot densities 
(max. 45, min. 0 shoots m-2). The meadow seemed to have 
maintained its natural condition only in the shallower por-
tion, where we recorded only a slight reduction in shoot 
density (Fig. 5c). Fig. 6 shows the M. edulis shells fall and 
the resulting covering of P. oceanica meadow. 
Discussion
This study is the first report of the entrance of M. 
edulis into the Mediterranean Sea from a well-defined 
source in the North Atlantic Ocean. Previous findings in-
dicated trade, including import and discard in the field 
from markets and ponds, and escape from aquarium, as 
the most plausible vector of introduction for M. edulis in 
Italian waters (Crocetta, 2012).
Bivalve molluscs are considered, together with cirri-
pede crustaceans, to be among the most important group 
of invasive species introduced by shipping (Zvyagintsev 
& Mikhailov, 1978; Goallasch, 2002); mussels have fre-
quently featured in references to alien invasive species 
(Hicks & Tunnell, 1993; Crooks & Khim, 1999). 
M. edulis lives in the temperate-cold Atlantic waters 
of Europe and North America while M. galloprovincialis 
is a warm water inhabitant of the Mediterranean but can 
also be found in the Atlantic as far north as the coasts 
of France and the United Kingdom (Gosling, 1984). In 
Fig. 5: P. oceanica meadow evolution throughout 2012 (a), 
2013 (b), 2014 (c); values are reported as number of shoots/
m2. Light grey indicates P. oceanica presence, the ASV Pio-
neer and Costa Concordia’s positions are represented by black 
lines (2012 and 2013), whereas the area involved in the Mytilus 
shells fall is defined by the dotted line. All scale bars equal 30 
meters.
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accordance with these physiological differences the two 
species occur sympatrically only in some areas of the 
United Kingdom, Ireland and France, where both hybrid-
ization and introgression have been documented, as pre-
viously mentioned (Edwards & Skibinski, 1987; Lopez 
et al., 2002; Bierne et al., 2003; Gosling et al., 2008; 
Hilbish et al., 2012). PCR amplification of diagnostic loci 
represents a valuable tool to easily and securely identify 
mussel species (Apte et al., 2000), being a morphology-
based identification, although perhaps only reliable at a 
local scale (Freeman et al., 1994). Identification is com-
plicated by the high frequency of natural hybridisation 
that has been observed whenever any two mussel taxa of 
this complex are sympatric (Gosling, 1992). In fact, the 
most intensely studied hybrid zones at sea are those of the 
M. edulis species complex, particularly the M. edulis × 
M. galloprovincialis hybrid zone in southwestern Europe 
(Gosling, 1992; Gardner, 1994), and the two M. edulis × 
M. trossulus hybrid zones on opposite sides of the North 
Atlantic (Scandinavia and Canada) (Riginos & Cunning-
ham, 2005). Allozyme markers used in the past for iden-
tifying mussel species (Gosling, 1992), although highly 
successful in distinguishing between species, sometimes 
prove problematic in hybrid zones with differences of-
ten not completely established (Riginos & Cunningham, 
2005). Conversely, several other nDNA-based markers, 
which rely on the detection of length variants or restric-
tion digests of PCR products, are 100% reliable in distin-
guishing between species (Heath et al., 1995; Rawson et 
al., 1996a; Rawson et al., 1996b). Here, we used a PCR-
based approach that benefits from length polymorphisms 
at the nuclear locus Glu, encoding the mussel polyphe-
nolic adhesive protein to identify the Mytilus species col-
lected from the M30 's and Pioneer’s hulls. This protein, 
produced in the foot gland of the mussel, is crucial for at-
tachment to the substrate (Waite, 1992) and displays a di-
vergent primary sequence in the Mytilus edulis complex, 
which can be visualized as a different banding pattern 
upon running the PCR products on an agarose gel stained 
with ethidium bromide (Rawson et al., 1996a).
The occurrence of M. edulis described here might be 
included in the category of alien (sensu Zenetos et al., 
2005), that is a species occurring outside its known geo-
graphical range and beyond its natural dispersal potential 
as a result of direct or indirect introduction by humans, 
but the death of all our mussels and the absence of evi-
dence of reproduction or spawning events during the year 
of permanence in the Mediterranean sea, did not allow 
us to report it as either established or invasive. Although 
there is no proof, the mussel settlement on the Pioneer’s 
hull may have taken place several months before its de-
parture from Middlesbrough (Summer 2012); Bayne 
(1964) reported a high density of late plantigrade stages 
in the Menai Straits in late July and August. In accord-
ance with Bayne (1964), Dean & Hurd (1980) observed 
late summer settlement of M. edulis on fouling panels 
in Delaware. Furthermore, the slow speed of the Pioneer 
during its voyage and the small plantigrade size allowed 
the permanence of mussels as hidden passengers. 
M. edulis at Giglio Island reached a maximum shell 
length of 52 mm in nine months and the same growth 
patterns can be found in other congeneric species (M. 
californianus, M. galloprovincialis) from warmer areas. 
Coe & Fox (1942) reported an average growth rate of 7 
mm per month for M. californianus with a total incre-
ment in shell length of 80 mm in 11 months. Coe (1945) 
highlighted how the M. californiunus monthly rate of in-
crease during the winter is only about half as great as in 
summer, and that they reached their maximum size of 78 
mm after one year. M. galloprovincialis also showed a 
similar growth in Tyrrhenian coastal waters, reaching 30 
mm 5 months after settlement (Ardizzone et al., 1996). 
It must be noted that the Mytilus species (M. edulis and 
M. trossulus) growing in cold waters could take up to 
ten years to reach the same lengths, as reported for the 
Baltic Sea (Kautsky, 1982; Antsulevich et al., 1999) and 
in the Gulf of Alaska (Blanchard & Feder, 2000). In the 
light of these findings, growth rates may be interpreted 
as a function of environmental features, reflecting water 
temperature effects on metabolic activity, more than spe-
cies linked, as clearly shown from the comparison of our 
results with other data found in previous studies on the 
Mytilus species (Fig. 7).
The identification of physiological determinants has 
a pivotal role in understanding of the biogeographical 
Fig. 6: Underwater photographs at the study site, showing the 
dead Mytilus shells and the resulting massive covering of the P. 
oceanica meadow (a-b).
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patterns of species distribution and the changes in bio-
logical communities. Specifically, temperature and salin-
ity, as mentioned above, lead to a specific distribution 
of mussel species. These parameters are known to influ-
ence blue mussels’ respiration, heart rate, valve closure, 
growth and feeding (Schulte, 1975; Lutz & Porter, 1977; 
Incze et al., 1980; Hawkins et al., 1991; Braby & Some-
ro, 2006; Riisgård et al., 2012), both in field and labora-
tory studies. The mortality reported in this work might 
be due to the effect of temperature and salinity-induced 
stress, which in turn required high energy requirements 
that could not be supported by the local food supply. In 
fact, the waters around Giglio Island can be considered 
as oligotrophic waters and the phytoplanktonic fraction 
never reaches high concentration values, especially dur-
ing the summer period.
Considering these findings, the M. edulis shells fall 
in Giglio Island may be considered as an in-water self-
cleaning event, caused by the tolerance range of the blue 
mussel being exceeded. The release of viable propagules 
by marine organisms could be explained as a response to 
new environmental cues or prolonged permanence in a re-
cipient region (Apte et al., 2000; Floerl & Inglis, 2005). 
Recently biosecurity risks resulting from self-cleaning in 
water have been discussed and compared to unmanaged 
risks. Besides the risk of defouled material settling on the 
seabed, another risk is represented by propagule release 
during operations (Hopkins & Forrest, 2008). Unfortu-
nately no evidence or data that could prove larval disper-
sion or plantigrade settlement has been reported. On the 
other hand, mussel shell deposition has been well reported 
and documented. Great attention is often given to com-
petition or displacement phenomena, or to the economic 
and social impact that took place after a NIS appearance. 
In this case something rare occurred: the state and health 
of the underlying P. oceanica meadow was affected not 
only by the shadow of the hull but also the mussel shell 
deposition. Although we did not find other direct effects of 
interaction between alien and endemic species (e.g. com-
petition), this episode is a clear example of “habitat distur-
bance” against an endemic and engineering species such 
as P. oceanica. In fact, to mitigate this NIS intrusion, in the 
first months of 2015, the Site Remediation Project started 
removing the mussel shells from the sea bottom, using a 
purpose-built suction pump to avoid further impacting the 
remnants of the P. oceanica. A total of 50 tonnes of dead 
mussel shells were removed from the sea bottom, leaving 
matte and seagrass rhizomes free from the bivalve cover. 
The damaged P. oceanica is being monitored in order to 
test its eventual recovery capability. 
Fig. 7: Graphic comparison of different growth curves on Mytilus species from literature data and our study. On the left we report 
data from cold areas, instead the right graphs represent data from warmer areas. Dotted circles highlight the period of approxi-
mately nine months that correspond to the duration of our study. a) present study; b) Coe & Fox, 1942; c) Coe, 1945; d) Ardizzone 
et al. 1996; e) Blanchard & Feder, 2000; f) Antsulevich et al. 1999; g) Kautsky, 1982.
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Nowadays the Mediterranean Sea is one of the busi-
est waterways in the world, occupying an important place 
in world trade; furthermore its coasts are inhabited by 
millions of people and affected by economic and tour-
ist activities (IUCN, 2008; REMPEC, 2008; Mounime 
et al., 2014). Both ship transit and maritime activities are 
expected to rise over the next ten years, by as much as 
in the last 18 years: from 1997 to 2006 a mean of 3.14 
billion deadweight tonnes (hereafter DWT, referring 
to the carrying capacity of a vessel) per year arrived in 
Mediterranean ports, whereas an average of 383.3 billion 
DWT per year transit through Mediterranean Sea (REM-
PEC, 2008). Oil Tankers, Containerships, other Tanker 
and Passenger vessels are the categories most involved 
in Mediterranean traffic; barges may be included in the 
category “Other vessels” that represents less than 4% 
of the average DWT in Mediterranean ports from 1997 
to 2006, and less than 1% of the average DWT vessels 
passing through the basin in the same period. Taking into 
account that the ASV Pioneer could reach a maximum 
of approximately 6838 DWT, that represents 1.39 10-6% 
of the total “other vessels” deadweight tonnage passed 
through Mediterranean Sea in 2006 (REMPEC, 2008), 
the real scale of the problem becomes clearer. Barges are 
flat-bottomed vessels involved in several commercial 
and military operations; as hull fouling is strongly linked 
to sailing speed, time of permanence in a port (or region), 
anti-fouling treatments, and propagule and colonization 
pressure (Sylvester et al., 2011), we could hypothesize 
that this vessel category is more likely affected by hull 
fouling communities than other types of ships. Effective-
ly, barges clearly differ from other commercial vessels 
because they tend to remain in a limited area for long 
periods for work reasons and due to their reduced maneu-
verability, and their need to be towed, could be consid-
ered unmanaged hulls. 
Finally, these results must be taken into account se-
riously, especially in the light of the opening of the en-
larged Suez Canal in August 2015 that put the Mediterra-
nean Sea under even greater pressure. No environmental 
risk assessment was undertaken before the enlargement 
project; that event and the lack of directives that impose 
defouling treatments on inter-basin traffic, leave the mat-
ter still unsolved and needing urgent attention.
Conclusions
This study, as well as representing a case of alien spe-
cies ingression, highlights the urgent need for real com-
mon management measurements to avoid any impact on 
Mediterranean biodiversity. In fact, it must be considered 
that the cascade of events described here, consuming 
enormous economic resources and time as it did, has been 
caused by a single ship; then we should presume several 
implication regarding the introduction of alien species 
if we take into account the enormous number of ships 
entering Mediterranean waters each day. The RAC/SPA 
(Regional Activity Centre for Specially Protected Areas) 
constantly highlights and updates data on Mediterranean 
alien biota, but up to now practical management of com-
mercial vessels by Contracting Parties to the Barcelona 
Convention and other international organizations, such 
as the IMO, RINA and the FAO, is still missing or insuf-
ficient if we are to avoid the unintentional introductions 
of alien species.
Acknowledgements
The authors wish to thank Prof. Paul K. Nixon for 
the revision of the English version of this paper, Rob-
erto Rinaldi for the support during underwater samplings 
and Laura Cutroneo for the assistance during CTD Probe 
samplings. The study has been funded by Research Fund-
ing from Titan - Micoperi group. Two anonymous ref-
erees are acknowledged for their useful comments.
Conflict of interest
All the authors, as scientists of the “Sapienza” Uni-
versity of Rome and University of Genoa, were commis-
sioned by Titan-Micoperi group to assess environmental 
risks of operations and monitor the environmental con-
ditions of the areas in order to protect marine habitats 
during removal operations of the Concordia wreck. Their 
work was controlled and continuously shared with an 
italian governmental body (The Osservatorio) who had 
the public function to verify the performance of the mon-
itoring. This paper was authorized for the publication by 
Costa Crociere S.p.A.
References
Alexandrov, B., Boltachev, A., Kharchenko, T., Lyashenko, A., 
Son, M. et al., 2007. Trends of aquatic alien species inva-
sions in Ukraine. Aquatic Invasions, 2 (3), 215-242.
Antsulevich, A.E., Maximovich, N.V., Vuorinen, I., 1999. Pop-
ulation structure, growth and reproduction of the common 
mussel (Mytilus edulis L.) off the Island of Seili (Archi-
pelago Sea, SW Finland). Boreal Environmental Research, 
4 (4), 367-375.
Apte, S., Holland, B.S., Godwin, L.S., Gardner, J.P.A., 2000. 
Jumping ship: a stepping stone event mediating transfer of 
non-indigenous species via a potentially unsuitable envi-
ronment. Biological Invasions, 2, 75-79.
Ardizzone, G.D., Belluscio, A., Gravina, M.F., Somaschini, A., 
1996. Colonization and Disappearance of Mytilus gallopro-
vincialis Lam. on an Artificial Habitat in the Mediterranean 
Sea. Estuarine Coastal and Shelf Science, 43 (6), 665-676.
Braby, C.E., Somero, G.N., 2006. Following the heart: tem-
perature and salinity effects on heart rate in native and in-
vasive species of blue mussels (genus Mytilus). Journal of 
Experimental Biology, 209, 2554-2566.
http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 23/12/2020 21:46:14 |
Medit. Mar. Sci., 17/2, 2016, 404-416 415
Bierne, N., Borsa, P., Daguin, C., Jollivet, D., Viard, F. et al., 
2003. Introgression patterns in the mosaic hybrid zone be-
tween Mytilus edulis and M. galloprovincialis. Molecular 
Ecology, 12 (2), 447-461.
Blanchard, A.L., Feder, H.M., Shaw D.G., 2003. Variations in 
benthic fauna underneath an effluent mixing zone at a ma-
rine oil terminal in Port Valdez, Alaska. Marine Pollution 
Bulletin, 46 (12), 1583-1589.
Coe, W.R., Fox, D.L., 1942. Biology of the California sea-mus-
sel (Mytilus californianus). I. Influence of temperature, 
food supply, sex and age on the rate of growth. Journal of 
Experimental Zoology, 90 (1), 1-30.
Coe, W.R., 1945. Nutrition and growth of the California bay-
mussel (Mytilus edulis diegensis). Journal of Experimen-
tal Zoology, 99 (1), 1-14.
Crocetta, F., 2012. Marine alien Mollusca in Italy: a critical 
review and state of the knowledge. Journal of the Marine 
Biological Association of the United Kingdom, 92 (6), 
1357-1365.
Crooks, J.A., Khim, H.S., 1999. Architectural vs. biological 
effects of a habitat-altering, exotic mussel, Musculista 
senhousia. Journal of Experimental Marine Biology and 
Ecology, 240, 53-75.
Davidson, I.C., Brown, C.W., Sytma, M.D., Ruiz, G.M., 2009. 
The role of containership as transfer mechanism of marine 
biofouling species. Biofouling, 25 (7), 645-655.
Edwards, C.A., Skibinski, D.O.F., 1987. Genetic variation of 
mitochondrial DNA in mussel (Mytilus edulis and M. gal-
loprovincialis) populations from South West England and 
South Wales. Marine Biology, 94, 547–556.
Filpula, D.R., Lee, S.M., Link, R.P., Strausberg, S.L., Straus-
berg, R.L., 1990. Structural and functional repetition in a 
marine mussel adhesive protein. Biotechnology Progress, 
6, 171-177.
Floerl, O., Inglis, G.J., 2005. Starting the invasion pathway: the 
interaction between source populations and human trans-
port vectors. Biological Invasions, 7, 589-606.
Freeman, K.R., Perry, K.L., Dibacco, T.O., Scarrat, D.J., 1994. 
Observations on two mytilid species from a Nova Scotian 
mussel farm. Canadian Technical Report of Fisheries and 
Aquatic Sciences, 1969, 1-47. 
Galil, B.S., 2000. A sea under siege - alien species in the Medi-
terranean. Biological Invasions, 2, 177-186.
Gardner, J.P.A., 1994. The structure and dynamics of natu-
rally occurring hybrid Mytilus edulis Linneaus, 1758 and 
Mytilus galloprovincialis Lamarck, 1819 (Bivalvia: Mol-
lusca) populations: a review and interpretation. Archiv fur 
Hydrobiologie, 99, 37-71.
Gollasch, S., 2002. The importance of ship hull fouling as a 
vector of species introductions into the North Sea. Biofoul-
ing, 18 (2), 105-121.
Gosling, E.M., 1992. Genetics of Mytilus. p. 309-382. In: The 
Mussel Mytilus: Ecology, Physiology, Genetics and Cul-
ture. Gosling EM (Ed). Elsevier, Amsterdam.
Gosling, E., Doherty, S., Howley, N. 2008. Genetic charac-
terization of hybrid mussel (Mytilus) populations on Irish 
coasts. Journal of the Marine Biological Association UK, 
88, 341–346.
Hawkins, A.J.S., Bayne, B.L., Gosling, E. 1991. Physiological 
interrelations, and the regulation of production. Develop-
ments in Aquaculture and Fisheries Sciences, 25, 171-222.
Heath, D.D., Rawson, P., Hilbish ,T.J., 1995. PCR-based nu-
clear markers identify alien blue mussel (Mytilus spp.) 
genotypes on the west coast of Canada. Canadian Journal 
of Fisheries and Aquatic Sciences, 52, 2621–2627.
Hewitt, C.L., Gollasch, S., Minchin, D., 2009. The vessel 
as a vector - biofouling, ballast water and sediments. P. 
117-131. In: Biological invasions in Marine Ecosystems. 
Ecological, Management, and Geographic Perspectives. 
Rilov, G., Crooks, J.A. (Eds). Springer-Verlag, Berlin.
Hicks, D.W., Tunnell, J.W., 1993. Invasion of the South Texas 
coast by the edible brown mussel Perna perna. Veliger, 
36, 92-97.
Hilbish, T.J., Lima, F.P., Brannock, P.M., Fly, E.K., Rognstad, 
R.L. et al., 2012. Change and stasis in marine hybrid zones 
in response to climate warming. Journal of Biogeography, 
39, 676–687.
Hopkins, G.A., Forrest, B.M., 2008. Management options for 
vessel hull fouling: an overview of risks posed by in-water 
cleaning. ICES Journal of Marine Sciences, 65 (5), 811-815.
IMO (International Maritime Organization), 2004. Internation-
al Convention for the Control and Management of Ships’ 
Ballast Water and Sediment. http://www.imo.org. Adopted 
13 February 2004.
IMO (International Maritime Organization), 2011. Guidelines 
for Control and Management of Ship Biofouling to Mini-
mize the Transfer of Invasive Aquatic Species. Resolution 
MEPC.207(62). http://www.imo.org. Adopted 15 July 2011.
IMO (International Maritime Organization), 2012. Guidance for 
Minimizing the Transfer of Invasive Aquatic Species as Bio-
fouling (Hull Fouling) for Recreational Craft. MEPC 1/Circ. 
792. http://www.imo.org. Adopted 12 November 2012.
Inoue, K., Odo, S., 1994. The adhesive protein cDNA of 
Mytilus galloprovincialis encodes decapeptide repeats but 
no hexapeptide motif. Biological Bulletin, 186, 349-355.
IUCN, 2008. Maritime traffic effects on biodiversity in the 
Mediterranean Sea: Review of impacts, priority areas 
and mitigation measures. Vol. 1. Abdulla A and Linden O 
(Eds), Malaga, Spain 2009, 170 pp. 
Lourenço, C.R., Nicastro, K.R., Serrão, E.A., Castilho, R., Zar-
di, G.I., 2015. Behind the mask: cryptic genetic diversity 
of Mytilus galloprovincialis along southern European and 
northern African shores. Journal of Molluscan Studies, 81, 
380-387.
Katsanevakis, S., Zenetos, A., Belchior, C., Cardoso, A.C., 
2013. Invading European Seas: Assessing pathways of in-
troduction of marine aliens. Ocean and Coastal Manage-
ment, 76, 64-74.
Kautsky, N., 1982. Growth and size structure in a Baltic Mytilus 
edulis population. Marine Biology, 68 (2), 117-133.
Lopez, J.L., Marina, A., Vázquez, J., Alvarez, G., 2002. A 
proteomic approach to the study of the marine mussels 
Mytilus edulis and M. galloprovincialis. Marine Biology, 
141 (2), 217-223.
Mounime, E., Lotfi, M., Hajbi, A., 2014. Maritime transport and 
international trade: a study of transshipment opportunities 
and their impacts on The Mediterranean region growth. The 
Business and Management Review, 4 (4), 252-257.
Nunes, A.L., Katsanevakis, S., Zenetos, A., Cardoso, A.C., 
2014. Gateways to alien invasions in the European seas. 
Aquatic Invasions, 9 (2), 133-144.
Oliverio, M., Mariottini, P., 2001. A molecular framework for 
the phylogeny of Coralliophila and related muricoids. 
Journal of Molluscan Studies, 67 (2), 215-224. 
http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 23/12/2020 21:46:14 |
416 Medit. Mar. Sci., 17/2, 2016, 404-416
Rawson, P.D., Joyner, K.L., Meetze, K., Hilbish, T.J., 1996a. 
Evidence for intragenic recombination within a novel ge-
netic marker that distinguishes mussels in the Mytilus edu-
lis species complex. Heredity, 77, 599-607.
Rawson, P.D., Secor, C.L., Hilbish, T.J., 1996b. The effects of 
natural hybridization of the regulation of doubly uniparen-
tal mtDNA inheritance in blue mussels (Mytilus spp.). Ge-
netics, 144, 241–248.
Regional Marine Pollution Emergency Response Centre for the 
Mediterranean Sea (REMPEC), 2008. Study of maritime 
traffic flows in the Mediterranean Sea. Final Report - unre-
stricted version. http://www.rempec.org.
Riisgård, H.U., Bøttiger, L., Pleissner, D., 2012. Effect of salin-
ity on growth of mussels, Mytilus edulis, with special ref-
erence to Great Belt (Denmark). Open Journal of Marine 
Sciences, 2, 167-176.
Riginos, C., Cunningham, C.W., 2005. Local adaptation and 
species segregation in two mussel (Mytilus edulis × Mytilus 
trossulus) hybrid zones. Molecular Ecology, 14, 381–400.
Schulte, E.H., 1975. Influence of algal concentration and tem-
perature on the filtration rate of Mytilus edulis. Marine Bi-
ology, 30, 331-341.
Seed, R., 1992. Systematics, evolution and distribution of mus-
sels belonging to the genus Mytilus: an overview. Ameri-
can Malacological Bulletin, 9, 123-137.
Sylvester, F., Kalaci, O., Leung, B., Lacoursière-Roussel, A., 
Murray, C.C. et al., 2011. Hull fouling as an invasion vec-
tor: can simple models explain a complex problem? Jour-
nal of Applied Ecology, 48, 415-423.
United Nation Environmental Programme (UNEP, MAP RAC/
SPA), 2005. Action plan concerning species introductions 
and invasive species in the Mediterranean Sea. http://www.
rac-spa.org/sites/default/files/action_plans/invasive.pdf.
Väinölä, R., Strelkov, P., 2011. Mytilus trossulus in Northern 
Europe. Marine Biology, 158 (4), 817-833.
Waite, J.H., 1992. The formation of mussel byssus: anatomy 
of a natural manufacturing process. p 55-74. In: Structure, 
Cellular Synthesis and Assembly of Biopolymers. Results 
and Problems in Cell Differentiation. Case, S.T., (Ed). 
Springer, Berlin.
Zenetos, A., Cinar, M.E., Pancucci-Papadopoulou, M.A., 
Harmelin, J.G., Furnari, G. et al., 2005. Annotated list of 
marine alien species in the Mediterranean with records of 
the worst invasive species. Mediterranean Marine Sci-
ences, 6 (2), 63-118.
Zenetos, A., Gofas, S., Verlaque, M., Çinar, M.E., García Raso, 
J.E. et al., 2011. Alien species in the mediterranean sea by 
2010. A contribution to the application of European Un-
ion’s Marine Strategy Framework Directive (MSFD). Part 
I. Spatial distribution. Mediterranean Marine Sciences, 
12(2), 509-514.
Zenetos, A., Gofas, S., Morri, C., Rosso, A., Violanti, D. et al., 
2012. Alien species in the Mediterranean Sea by 2012. A 
contribution to the application of European Union’s Ma-
rine Strategy Framework Directive (MSFD). Part 2. Intro-
duction trends and pathways. Mediterranean Marine Sci-
ences, 13 (2), 328-352.
Zvyagintsev, A.Y., Mikhailov, S.R., 1978. Fouling of ships 
docked in ports in the sea of Japan. Soviet Journal of Ma-
rine Biology, 5, 63-71.
Powered by TCPDF (www.tcpdf.org)
http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 23/12/2020 21:46:14 |
